1. Introduction {#sec1-nutrients-11-02795}
===============

White adipose tissue (WAT), located in subcutaneous or intravisceral regions, is a primary energy store; brown adipose tissue (BAT) occupies the clavicular, cervical, suprarenal, and periaortic regions, generates heat, and functions in energy expenditure \[[@B1-nutrients-11-02795],[@B2-nutrients-11-02795]\]. Most large blood vessels are covered by a specialized adipose tissue called perivascular adipose tissue (PVAT) \[[@B3-nutrients-11-02795]\]. Depending on the location, the composition of adipose tissue and function of PVAT is different \[[@B4-nutrients-11-02795]\]. The PVAT around the thoracic aorta shares features similar to BAT including: (i) adipocytes with multiple lipid droplets and high mitochondrial content, and (ii) high relative expression of thermogenic genes like uncoupling protein-1 (UCP-1) \[[@B5-nutrients-11-02795]\]. However, PVAT around the abdominal aorta is more similar to WAT, namely: (i) adipocytes with large lipid droplets and low mitochondrial content, and (ii) low expression of UCP-1 \[[@B6-nutrients-11-02795]\]. PVAT has been proven essential for modulating vascular function through the production and release of autocrine and paracrine signaling molecules \[[@B7-nutrients-11-02795],[@B8-nutrients-11-02795]\]. These molecules are vasoactivators and function as either vasorelaxants or vasoconstrictors \[[@B9-nutrients-11-02795],[@B10-nutrients-11-02795]\]. Simple molecules (e.g., nitric oxide (NO), hydrogen sulfide), reactive oxygen species (e.g., hydrogen peroxide), and adipokines (e.g., adiponectin, angiotensin 1-7) are vasorelaxants from PAVT \[[@B11-nutrients-11-02795],[@B12-nutrients-11-02795]\]. Tumor necrosis factor-α (TNF-α) and interleukin (IL)-6 enhance vasocontractions by upregulating endothelin signaling or reducing NO production \[[@B13-nutrients-11-02795],[@B14-nutrients-11-02795],[@B15-nutrients-11-02795]\].

In healthy PVAT, the secretory profile of paracrine and endocrine signaling molecules maintains the balance between vasodilation, anticontractile, and antiproliferative actions \[[@B16-nutrients-11-02795]\]. In addition, healthy PVAT serves an anti-inflammatory function by: (i) increasing the secretion of anti-inflammatory cytokines (e.g., IL-10), and (ii) minimizing the effects of adiponectin on TNF-α and C-reactive protein \[[@B17-nutrients-11-02795],[@B18-nutrients-11-02795]\]. Importantly, obesity induces an increase in the size and number of white adipocytes in PVAT \[[@B19-nutrients-11-02795],[@B20-nutrients-11-02795]\], and these morphological or structural changes are accompanied by dysfunction (e.g., abnormal adipokine production, oxidative stress, hypoxia, inflammation in the adipose tissue) \[[@B21-nutrients-11-02795]\]. Obesity-induced PVAT hypertrophy causes hypoperfusion and local hypoxia because the diffusion of oxygen is hindered by the size of adipocytes \[[@B22-nutrients-11-02795],[@B23-nutrients-11-02795]\]. Hypoxia in adipose tissue induces an increase in the expression of the chemokine monocyte chemoattractant protein-1 (MCP-1), which promotes recruitment and infiltration of macrophages and the secretion of pro-inflammatory cytokines such as TNF-α from macrophages \[[@B19-nutrients-11-02795],[@B24-nutrients-11-02795]\]. A high fat diet (HFD) leads to an increase in pro-inflammatory adipokines/cytokines (e.g., leptin, IL-6, TNF-α, and interferon-γ) and decrease in anti-inflammatory adipokines/cytokines (e.g., adiponectin and IL-10) in PVAT \[[@B25-nutrients-11-02795],[@B26-nutrients-11-02795]\]. This imbalance aggravates inflammation and promotes PVAT dysfunction, leading to subsequent dysregulation of vasoactivators in PVAT \[[@B8-nutrients-11-02795],[@B27-nutrients-11-02795]\]. PVAT dysfunction induces an upregulation of vasoconstricting factors \[[@B8-nutrients-11-02795]\] and is related with obesity and hypertension \[[@B23-nutrients-11-02795],[@B28-nutrients-11-02795]\]. In addition, PVAT dysfunction contributes to endothelial cell (EC) dysfunction induced by obesity \[[@B19-nutrients-11-02795]\] and vascular smooth muscle cell (VSMC) dysfunction \[[@B28-nutrients-11-02795]\]. Thus, studies have clearly shown that PVAT dysfunction is related with EC and VSMC dysfunction which may lead to cardiovascular diseases, including hypertension, atherosclerosis, and coronary heart diseases \[[@B11-nutrients-11-02795],[@B29-nutrients-11-02795]\]. Based on studies which have shown that PVAT dysfunction is a causative factor of cardiovascular disease, several studies showed that an increased proportion of brown-to-white adipocytes improved vascular function in individuals suffering from obesity and atherosclerosis \[[@B30-nutrients-11-02795],[@B31-nutrients-11-02795]\].

Cellular stress induced by obesity increases the production of unfolded proteins, an event which enhances endoplasmic reticulum (ER) stress and subsequent aggravation of inflammation and induction of cell death \[[@B32-nutrients-11-02795]\]. HFD-induced ER stress \[[@B33-nutrients-11-02795]\] in PVAT is mediated by the upregulation of pro-inflammatory cytokines such as IL-1β and IL-6 and decreases in the abundance of protective adipokines such as adiponectin \[[@B34-nutrients-11-02795]\]. Those changes in PVAT ultimately induce EC dysfunction \[[@B34-nutrients-11-02795]\]. In addition, it is known that ER stress inhibits sirtuin type 1 (Sirt1) expression and damaged UCP-1 function in BAT \[[@B35-nutrients-11-02795]\]. Sirt1 improves whole-body energy expenditure by decreasing fat accumulation in white adipocytes \[[@B36-nutrients-11-02795],[@B37-nutrients-11-02795]\], and increases metabolic activity by promoting the brown remodeling of white adipocytes \[[@B38-nutrients-11-02795],[@B39-nutrients-11-02795],[@B40-nutrients-11-02795]\].

The phlorotannins from *Ecklonia cava* (*E. cava*), is an edible brown seaweed and is found on coastal shore near Jeju, Korea have multiple biological activities, including anti-inflammatory \[[@B41-nutrients-11-02795],[@B42-nutrients-11-02795]\], antioxidant \[[@B43-nutrients-11-02795]\], and anti-adipogenic \[[@B44-nutrients-11-02795]\]. In addition, *E. cava*-sourced phlorotannins have been reported to prevent EC death \[[@B45-nutrients-11-02795],[@B46-nutrients-11-02795]\]. In previous studies, our group compared four representative phlorotannins (dieckol, 2,7-phloroglucinol-6,6-bieckol, Pyrogallol-phloroglucinol-6,6-bieckol and phlorofucofuroeckol A) from *E. cava* extract (ECE) and reported that Pyrogallol-phloroglucinol-6,6-bieckol (PPB): (i) inhibited monocyte-induced EC death by upregulating the phosphorylation of PI3K-AKT and AMPK, and (ii) inhibited monocyte-associated VSMC proliferation \[[@B45-nutrients-11-02795]\]. In addition, our group reported that PPB decreased adhesion molecule expression, EC death, and the proliferation of VSMCs in vitro and in mouse models of obesity and hypertension \[[@B45-nutrients-11-02795]\]. Although ECE, and PPB specifically have been shown to protect EC from monocyte-induced inflammation and EC death, there are no studies which have evaluated the effect of ECE on PVAT dysfunction and vascular dysfunction induced by obesity. Here, we evaluated whether ECE and PPB could attenuate inflammation and ER stress in PVAT, thus leading to a reduction in PVAT dysfunction and subsequent EC dysfunction in the diet-induced obesity (DIO) animal model.

2. Materials and Methods {#sec2-nutrients-11-02795}
========================

2.1. DIO Animal Model {#sec2dot1-nutrients-11-02795}
---------------------

Male C57BL/6N mice (8 weeks of age) were obtained from Orient bio (Seongnam, Korea) and kept at a constant temperature of roughly 23 °C, relative humidity of 50% and a dark/light cycle of 12/12 hrs. Mice were fed different diets as described below and provided drinking water ad libitum for eight weeks. For the first four weeks, mice received either a regular chow diet (control), or a 45% high fat diet (research diet, USA) adapted from a previous study \[[@B45-nutrients-11-02795]\]. Diet-induced obesity model (DIO model) used to study obesity using mice that have obesity caused by being fed high fat diets.

For the last four weeks, DIO mice were orally administered 0.9% normal saline (Control or DIO/Saline), *E. cava* extract (DIO/ECE; 70 mg/kg/day) or Pyrogallol-phloroglucinol-6,6'-bieckol; PPB (DIO/PPB; 2.5 mg/kg/day) along with either a regular chow diet (control) or DIO. ECE and PPB doses used here were the same as a previous study \[[@B45-nutrients-11-02795]\]. At the end of the eight-week study period, all mice were sacrificed in accordance with the Ethical Principles in Institutional Animal Care and Use Committee of Gachon University (approval number; LCDI-2017-0034).

2.2. Preparation of E. cava Extract and Isolation of PPB {#sec2dot2-nutrients-11-02795}
--------------------------------------------------------

*E. cava* was obtained from Aqua Green Technology Co., Ltd. (Jeju, Korea). For extraction, *E. cava* were washed and air-dried at room temperature for 48 hrs, the leaves were ground, and 50% ethanol was added followed by incubation at 85 °C for 12 hrs. The *E. cava* extracts (ECE) were filtered, concentrated, sterilized by heating to over 85 °C for 40--60 min and then spray-dried. PPB was isolated following a previously reported procedure \[[@B46-nutrients-11-02795],[@B47-nutrients-11-02795]\]. Simply, centrifugal partition chromatography (CPC) was performed using a two-phase solvent system comprised of water/ethyl acetate/methyl alcohol/n-hexane (7:7:3:2, v/v/v/v). The organic stationary phase was filled in the CPC column followed by pumping of the mobile phase into the column in descending mode at the same flow rate used for separation (2 mL per min). We finally confirmed the purity of the PPB is 91.24% was used in the study \[[@B46-nutrients-11-02795]\].

2.3. Immunohistochemistry (Immunofluorescence) {#sec2dot3-nutrients-11-02795}
----------------------------------------------

Blocks of paraffin-embedded aorta tissue were sectioned to a thickness of 7 µm, placed on a coating slide and dried at 40 °C for 24 hrs. Slides were deparaffinized, treated with normal animal serum to block non-specific binding, incubated with antibodies (ET-1 (abcam; UK, dilution rate 1:200), peNOS (abcam; dilution rate 1:250), UCP-1 (Santa Cruz Biotechnology, Inc.; dilution rate 1:200), Sirt1 (Santa Cruz Biotechnology, Inc.; dilution rate 1:200)) for two days at 4 °C, and then rinsed three times with PBS. Slides were then incubated for 1 h with Alexa Fluor Plus secondary antibodies (Thermo Fisher Scientific, MA, USA, dilution rate 1:500) and rinsed three times with PBS. Next, slides were incubated for 5 min with 4′ 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) solution and then rinsed three times with PBS. Finally, cover slips and shield solution were added (Vector Laboratories) followed by detection of fluorescent signals using a confocal laser microscope (LSM 710; Carl Zeiss, Germany). Fluorescent intensity was measured by Zen software 2012 version (Carl Zeiss) and three random samples were taken per sample and measured using the Zen software.

2.4. Immunohistochemistry (3,3-Diaminobenzidine; DAB) {#sec2dot4-nutrients-11-02795}
-----------------------------------------------------

Blocks of paraffin-embedded aorta tissue were sectioned to a thickness of 7 µm, placed on a coating slide and dried at 40 °C for 24 h. Slides were deparaffinized and incubated in 0.3% H~2~O~2~ (Sigma-Aldrich) for 30 min. Then, slides were rinsed three times with PBS and incubated in normal animal serum to block non-specific binding, incubated with anti-pAMPK (abcam; dilution rate 1:200) or anti-PI3K antibodies (abcam, dilution rate 1:200) at 4 °C, followed by three additional rinses with PBS. Slides were then treated with biotinylated secondary antibodies from the ABC kit (Vector Laboratories, dilution rate 1:200), incubated for 1 h with blocking solution, and rinsed three times with PBS. Slides were left to react with 3,3′-diaminobenzidine (DAB) substrate for 15 min followed by mounting with a cover slip and DPX mounting solution (Sigma-Aldrich). Images were detected using a light microscope (Olympus, Japan) and quantification of the intensity of the brown color using Image J software (NIH, USA).

2.5. Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) {#sec2dot5-nutrients-11-02795}
---------------------------------------------------------------

qRT-PCR was used to quantify mRNA levels. Appropriate primers (listed in [Table S1](#app1-nutrients-11-02795){ref-type="app"}), distilled water and the RNA sample were mixed and placed in a 384-well plate followed by the addition of additional template complementary DNA (cDNA) and SYBR green (TAKARA, Japan). Mixed samples were validated using a PCR machine (Bio-Rad, CA, USA)

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) {#sec2dot6-nutrients-11-02795}
----------------------------------------------

To measure serum level of adiponectin, an aliquot of the withdrawn blood (1 mL) was centrifuged and incubated in serum separator tubes (Becton Dickinson, USA) for 30 min. Samples were then centrifuged at 2000× *g* for 10 min and the supernatant moved into a new tube. The transparent serum specimens obtained were stored in a freezer at −80 °C. Adiponectin levels in serum and PVAT of each group were detected using the appropriate kit (abcam) according to the manufacturer's instructions.

2.7. Histological Hematoxylin and Eosin (H & E) Staining {#sec2dot7-nutrients-11-02795}
--------------------------------------------------------

Blocks of paraffin-embedded aorta tissue were sectioned to a thickness of 7 µm, placed on a coating slide and dried at 40 °C for 24 h. Slides were deparaffinized and incubated in hematoxylin (DAKO, UK) for 1 min, eosin (Sigma-Aldrich) for 20 s followed by three rinses with PBS. Finally, slides were mounted with a cover slip and DPX mounting solution (Sigma-Aldrich) followed by detection with a light microscope (Olympus). The adipocyte size and ratio of white and brown adipocytes in PVAT were measured by using image J software (NIH, USA). Morphometrical analyses was conducted in blind and three operators conducted at least three replicates.

2.8. Statistical Analysis {#sec2dot8-nutrients-11-02795}
-------------------------

The Kruskal--Wallis and Mann--Whitney U post-hoc tests were used to determine the significance of differences among the control, DIO/saline, DIO/ECE and DIO/PPB groups. Results are presented as mean ± SD, and statistical significance was accepted for *p*-values \<0.05. The analysis was performed using SPSS version 22 (IBM Corporation, NY, USA). \* (asterisk) indicates difference between some group vs. the control and \$ (dollar) indicates difference between some group vs. DIO/saline. \# (sharp) indicates difference between some group vs. DIO/ECE.

3. Results {#sec3-nutrients-11-02795}
==========

3.1. ECE and PPB Increased the Proportion of BAT and Reduced Adipocyte Size {#sec3dot1-nutrients-11-02795}
---------------------------------------------------------------------------

The body weight and fat mass of body composition were significantly higher in the DIO/saline group compared with the control group; however, body weight was lower in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group ([Figure 1](#nutrients-11-02795-f001){ref-type="fig"}A,B). In our study, the ratio of brown adipocytes to total adipocytes was significantly lower in the PVAT of the DIO/saline group compared with the control group, however this ratio was higher in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group ([Figure 1](#nutrients-11-02795-f001){ref-type="fig"}C,D). The ratio of white adipocytes to total adipocytes was significantly higher in the PVAT of the DIO/saline group compared with the control group, however this ratio was significantly lower in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group ([Figure 1](#nutrients-11-02795-f001){ref-type="fig"}C,D). Adipocyte size in PVAT was significantly larger in the DIO/saline group compared with the control group; however, the size of adipocytes was significantly smaller in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group (Control \< DIO/ECE \< DIO/PPB \< DIO/Saline) ([Figure 1](#nutrients-11-02795-f001){ref-type="fig"}C,E). These results suggest that ECE and PPB decreased the proportion of brown adipocytes to total adipocytes of PVAT in DIO mice. In addition, ECE and PPB attenuated the increase in adipocyte size induced in DIO animals.

3.2. ECE and PPB Both Attenated M1/M2 Macrophage Polarization in PVAT of DIO Model {#sec3dot2-nutrients-11-02795}
----------------------------------------------------------------------------------

Macrophages are typically classified into one of two phenotypes, M1 and M2; M1 macrophages are primarily located in active sites of inflammation positively contribute to inflammatory disease processes \[[@B48-nutrients-11-02795]\], while M2 macrophages are involved in anti-inflammatory pathways, tissue remodeling, and wound healing \[[@B48-nutrients-11-02795]\]. We evaluated the expression of inducible nitric oxide synthase (iNOS) and CD80, well-known markers of M1 macrophages and proinflammation \[[@B49-nutrients-11-02795]\], in PVAT. Significantly more iNOS and CD80 was observed in PVAT of the DIO/saline group compared with the control group, however their abundance was significantly lower in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group (Control\< DIO/PPB \< DIO/ECE \< DIO/Saline) ([Figure 2](#nutrients-11-02795-f002){ref-type="fig"}A). The abundance of arginase-1 (Arg-1) and CD206, markers of M2 macrophages, was significantly lower in PVAT of the DIO/saline group compared with the control group, however their abundance was higher in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group (Control \> DIO/PPB \> DIO/ECE \> DIO/Saline) ([Figure 2](#nutrients-11-02795-f002){ref-type="fig"}B).

3.3. ECE and PPB Attenated Inflammation in PVAT by DIO {#sec3dot3-nutrients-11-02795}
------------------------------------------------------

The infiltration of macrophages into fat tissue is triggered by chemokines (e.g., MCP-1); HFD enhances MCP-1 expression in PVAT leading to aggravation of inflammation \[[@B19-nutrients-11-02795],[@B26-nutrients-11-02795]\]. The abundance of MCP-1 was significantly greater in PVAT of the DIO/saline group compared with the control group, however this abundance was significantly less in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group (Control \< DIO/PPB \< DIO/ECE \< DIO/Saline) ([Figure 2](#nutrients-11-02795-f002){ref-type="fig"}C).

In our study, the abundance of TNF-α and IL-6 were significantly higher in PVAT of the DIO/saline group compared with the control group, however their abundance was significantly lower in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group (Control \< DIO/PPB \< DIO/ECE \< DIO/Saline) ([Figure 2](#nutrients-11-02795-f002){ref-type="fig"}C). The abundance of IL-10 was significantly lower in PVAT of the DIO/saline group compared with the control group, however there was more IL-10 in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group ([Figure 2](#nutrients-11-02795-f002){ref-type="fig"}C).

In our study, the abundance of chemerin was significantly higher in PVAT of the DIO/saline group compared with the control group, however its abundance was significantly lower in the DIO/ECE and DIO/PPB groups compared with the DIO/saline group (Control \< DIO/PPB = DIO/ECE \< DIO/Saline) ([Figure 2](#nutrients-11-02795-f002){ref-type="fig"}C).

In our study, the adiponectin level in both PVAT and serum of mice in the DIO/saline group were higher compared with the control group, and those of the DIO/PPB and DIO/ECE groups were lower compared with mice in the DIO/saline group ([Figure 2](#nutrients-11-02795-f002){ref-type="fig"}D). These results suggest that PPB and ECE can restore DIO-induced decreases in adiponectin.

3.4. ECE and PPB Attenuated ER Stress and Modulated the Browning Effect in the PVAT {#sec3dot4-nutrients-11-02795}
-----------------------------------------------------------------------------------

In our study, the ER stress markers inositol-requiring enzyme 1 α (IRE-1α), X-box-binding protein-1 (Xbp-1), PERK, eukaryotic translation initiation factor 1a (eIF1a), and C/EBP-homologous protein (CHOP) were increased in the DIO/saline group compared with the control group; however, their abundance was lower in the DIO/PPB and DIO/ECE groups compared with the DIO/saline group ([Figure 3](#nutrients-11-02795-f003){ref-type="fig"}A). The abundance of Sirt1 (green signal), PR-domain containing 16 (Prdm16), and PPARγ were lower in the DIO/saline group compared with the control group, however their levels in the DIO/PPB and DIO/ECE groups were higher compared with the DIO/saline group ([Figure 3](#nutrients-11-02795-f003){ref-type="fig"}B--D). The abundance of UCP-1 (green signal) in the DIO/saline group was lower in the DIO/saline group compared with the control group, however the UCP-1 level in DIO/PPB and DIO/ECE groups were higher compared with the DIO/saline group ([Figure 3](#nutrients-11-02795-f003){ref-type="fig"}E,F).

The abundance of BAT markers (i.e., cell death-inducing DNA fragmentation factor alpha-like effector A; CIDEA, epithelial like antigen-1; Eva1, EBF transcription factor 3; Ebf3, heat shock protein family B member 7; Hsbp7, Zinc finger of the cerebellum 1; ZIC1), were lowest in the DIO/saline group ([Figure 3](#nutrients-11-02795-f003){ref-type="fig"}G), however, their abundance of these markers in the DIO/PPB and DIO/ECE groups was higher compared with the DIO/saline group. Thus, our results revealed that ECE and PPB decreased HFD-mediated ER stress and attenuated ER-mediated decreases in the expression of Sirt1 and PPARγ. The ECE and PPB-induced protective effects (i.e., reductions in the abundance of Sirt1 and PPARγ) led to a restoration of UCP-1 expression and browning processes in PVAT; these protective effects were more potent in the PPB group compared with the ECE group.

3.5. ECE and PPB Attenuate Endothelial Cell Dysfunction {#sec3dot5-nutrients-11-02795}
-------------------------------------------------------

In our study, the abundance of pAMPK, PI3K, and epNOS were lower in the DIO/saline group compared with the control group, however the abundance of pAMPK, PI3K (brown color, arrow) was higher in the DIO/PPB and DIO/ECE groups compared with the DIO/saline group ([Figure 4](#nutrients-11-02795-f004){ref-type="fig"}A--D). As well as pAMPK-PI3K expression, expression of peNOS and ET-1 of EC (green signal) detected and these results suggest that HFD-induced EC dysfunction which manifest as downregulation of the pAMPK-PI3K-peNOS pathway is attenuated by PPB or ECE in PVAT ([Figure 4](#nutrients-11-02795-f004){ref-type="fig"}A--F). In our study, the abundance of ET-1 was higher in the DIO/saline group compared with the control group, however it was lower in the DIO/PPB and DIO/ECE groups compared with the DIO/saline group ([Figure 4](#nutrients-11-02795-f004){ref-type="fig"}G,H). These results suggest that PPB and ECE decrease the abundance of HFD-induced ET-1 in PVAT.

4. Discussion {#sec4-nutrients-11-02795}
=============

Obesity is well known to increase the size and abundance of WAT in PVAT \[[@B19-nutrients-11-02795],[@B22-nutrients-11-02795],[@B23-nutrients-11-02795],[@B24-nutrients-11-02795]\] which limits oxygen perfusion in PVAT and leads to hypoxia \[[@B21-nutrients-11-02795]\]. Ultimately, the changes referenced here initiate inflammation in the adipose tissue \[[@B21-nutrients-11-02795]\]. As well as adipocyte changes, macrophage polarization also important in PVAT of HFD mouse. In our previous study, we showed that a HFD increased the number of M1 macrophages and decreased the number of M2 macrophages in PVAT \[[@B50-nutrients-11-02795]\]. Monocytes are polarized into M1 or M2 phenotypes according to the microenvironmental conditions \[[@B48-nutrients-11-02795]\]. M1 polarization is induced by lipopolysaccharide and interferon-γ (IFN-γ) or other pro-inflammatory cytokines, while M2 is generated by IL-4, IL-13, or IL-10 \[[@B48-nutrients-11-02795]\]. Obesity leads to the polarization of macrophages from the M2 to the M1 phenotype in fat tissues and aggravate inflammation in the fat tissue by increasing the proportion of M1 macrophages which secrete pro-inflammatory cytokines such as TNF-α and IL-1β \[[@B48-nutrients-11-02795]\]. Our present study revealed that ECE and PPB attenuate the DIO-induced increase and decrease in M1 and M2 macrophages, respectively; PPB better attenuated these changes compared with ECE and the oral administration concentration of ECE (70 mg/kg/day) and PPB (2.5 mg/kg/day) used in this study is safe concentrations in which no abnormal behavior and toxicity of animals were identified in previous study \[[@B45-nutrients-11-02795]\].

Infiltration of macrophages into PVAT leads to increasing production or secretion of adipokines and cytokines and a subsequent increase in inflammation. HFD leads to increases in the abundance of pro-inflammatory cytokines such as IL-6 and TNF-α in PVAT and decreases the abundance of anti-inflammatory adipokines or cytokines such as adiponectin and IL-10 \[[@B19-nutrients-11-02795],[@B26-nutrients-11-02795],[@B51-nutrients-11-02795]\]. These changes to the cytokine profile promote a dysregulation of biomolecule production in PVAT leading to vascular dysfunction \[[@B8-nutrients-11-02795]\]. TNF-α and IL-6 act not only as aggravation factors of inflammation but also as vasoconstrictors by increasing endothelin signaling or reducing NO production and endothelium-dependent relaxation which are known to be more prominent in obese patients \[[@B13-nutrients-11-02795],[@B14-nutrients-11-02795],[@B15-nutrients-11-02795]\].

The abundance of IL-6 in human coronary PVAT increases as a result of a HFD \[[@B51-nutrients-11-02795]\]. IL-6 secreted from PVAT binds to its cognate receptor and leads to EC dysfunction by reducing bioavailable NO \[[@B52-nutrients-11-02795]\]. PVAT could secrete chemerin and the primary chemerin receptor, chemerin receptor 23 (ChemR23), was expressed both in the SMC of tunica media and EC layer of the arteries \[[@B53-nutrients-11-02795]\]. The ChemR23 agonist chemerin-9 induced receptor-dependent or concentration-dependent contraction in isolated rat thoracic aorta, superior mesenteric artery, and mesenteric resistance artery \[[@B54-nutrients-11-02795]\]. Chemerin-induced vasocontraction was significantly increased when nitric oxide synthase (NOS) was inhibited, or ECs were mechanically removed which suggested EC dysfunction \[[@B53-nutrients-11-02795]\]. In addition, chemerin secreted from PAVT increase sympathetic contraction via its receptor, which is co-localized with tyrosine hydrolase in sympathetic nerves of rat superior mesenteric artery \[[@B53-nutrients-11-02795]\]. Those studies suggested that chemerin, a vasoactive PVAT factor, may serve as a connector between obesity and a change in arterial tone such as hypertension \[[@B53-nutrients-11-02795]\].

Adiponectin secreted from PVAT induced vasodilation through multiple mechanisms. First, adiponectin stimulates NO release from adjacent adipocytes. Then, adipocyte-derived NO activates large-conductance Ca^2+^-activated K^+^ channels opening in VSMC \[[@B54-nutrients-11-02795]\] and leads to vasodilation. Adiponectin also stimulates NO production from ECs by enhancing the binding of heat shock protein 90 (Hsp90) to endothelial NOS (eNOS) \[[@B55-nutrients-11-02795]\], by increasing eNOS phosphorylation at serine 1177 by either PI3K/Akt \[[@B55-nutrients-11-02795],[@B56-nutrients-11-02795],[@B57-nutrients-11-02795]\] or AMP-activated kinase (AMPK) \[[@B58-nutrients-11-02795]\], and by enhancing the biosynthesis of tetrahydrobiopterin, an essential cofactor of eNOS \[[@B57-nutrients-11-02795]\].

Many studies have confirmed the anticontractile effect of PVAT induced by adiponectin. In adiponectin-deficient mice, vasoconstriction is significantly reduced \[[@B59-nutrients-11-02795],[@B60-nutrients-11-02795]\], and the anticontractile function of PVAT is largely abolished by inhibiting adiponectin receptors \[[@B60-nutrients-11-02795]\]. In patients with coronary artery disease, the abundance of adiponectin is positively correlated with EC function \[[@B57-nutrients-11-02795]\]; genome-wide association studies have also shown that lower levels of circulating adiponectin are associated with EC dysfunction \[[@B57-nutrients-11-02795]\]. The activation of UCP-1 and induction of genes encoding UCP-1 enhance uptake of lipids and glucose from the circulation to induce oxidation and thermogenesis \[[@B61-nutrients-11-02795],[@B62-nutrients-11-02795]\]. Many studies have shown that beige adipocytes are an inducible brown-like white adipocytes and they are developed among WAT by β-adrenergic receptor stimulation \[[@B63-nutrients-11-02795],[@B64-nutrients-11-02795]\]. The process which converts WAT into beige adipocytes is called browning \[[@B63-nutrients-11-02795],[@B64-nutrients-11-02795]\]. During browning, the transcription of UCP-1 is tightly regulated, and thus is frequently considered a marker of adipose tissue browning \[[@B65-nutrients-11-02795],[@B66-nutrients-11-02795]\]. Beige adipocytes may also undergo a unique plasticity process (i.e., reversal of browning) and change into WAT \[[@B67-nutrients-11-02795],[@B68-nutrients-11-02795],[@B69-nutrients-11-02795]\]. Peroxisome proliferator-activated receptor (PPARγ) known to be an important activator of UCP-1 expression \[[@B65-nutrients-11-02795],[@B70-nutrients-11-02795]\] and PPARγ protein level is decreased under ER-stress conditions \[[@B71-nutrients-11-02795]\]. Thus, ER stress downregulates PPARγ and leads to a reduced expression of UCP-1, thus hindering WAT browning \[[@B71-nutrients-11-02795]\].

In addition, Sirtuin 1 (Sirt1), NAD+-dependent deacetylase and that is very important to metabolic control, is involved in WAT browning processes. The activation of Sirt1 in WAT leads to the deacetylation of PPARγ \[[@B72-nutrients-11-02795],[@B73-nutrients-11-02795]\] which leads to the creation of a transcription complex with PRDM16 and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) \[[@B74-nutrients-11-02795],[@B75-nutrients-11-02795]\]. Complexes of PPARγ with PRDM16 and PGC-1α promote the transcription of genes which induce the formation of beige adipocytes \[[@B74-nutrients-11-02795],[@B75-nutrients-11-02795]\]. PPARγ also inhibits the transcription of genes involved in WAT formation \[[@B74-nutrients-11-02795],[@B76-nutrients-11-02795]\]. Thus, Sirt1 promotes enhancement of BAT-gene transcription and suppression of WAT genes through PPARγ. Furthermore, Sirt1 decreases fat storage, increases lipolysis in adipose tissue and protects against obesity-induced inflammation \[[@B75-nutrients-11-02795],[@B77-nutrients-11-02795]\]. In BAT of obese mice, the abundance of Sirt1 was reduced by increased ER stress, leading to BAT apoptosis \[[@B35-nutrients-11-02795]\] and phlorotannins from *E. cava* attenuates palmitate-induced endoplasmic reticulum stress \[[@B78-nutrients-11-02795]\]. Thus, ER stress contributes to: (i) the dysregulation of Sirt1 and PPARγ, (ii) reductions in the abundance of UCP-1, (iii) browning signal expression \[[@B79-nutrients-11-02795]\], and (iv) apoptosis in BAT.

AMPK is expressed in both EC and VSMC. In EC, AMPK activates the phosphorylation of eNOS which leads to the production of NO \[[@B77-nutrients-11-02795],[@B80-nutrients-11-02795]\] through protein kinase B (Akt) \[[@B81-nutrients-11-02795]\] or PI3K-Akt pathways \[[@B82-nutrients-11-02795]\]. EC dysfunction is characterized by reduced eNOS availability leading to a reduced endothelium-dependent vasodilatory response \[[@B83-nutrients-11-02795]\]. Endothelin-1 (ET-1), a powerful vasoconstrictor, is mostly expressed in the EC \[[@B84-nutrients-11-02795],[@B85-nutrients-11-02795]\]. Furthermore, ET-1 promotes migration and proliferation of VSMCs which are related with intimal hyperplasia \[[@B86-nutrients-11-02795]\]. The ET-1 is involved in the production of vascular reactive oxygen species and acts as a pro-inflammatory cytokine, inducing atherosclerosis \[[@B87-nutrients-11-02795],[@B88-nutrients-11-02795]\]. ET-1 induces an increase in the abundance of adhesion molecules such as MCP-1, migration of macrophages, and activation of pro-inflammatory M1-type macrophages, processes important in the pathophysiology of atherosclerosis \[[@B89-nutrients-11-02795]\].

5. Conclusions {#sec5-nutrients-11-02795}
==============

Modulating PVAT by increasing the proportion of thermogenic brown or beige adipocytes might be a feasible approach to attenuate local inflammation and reduce the risk of cardiovascular diseases \[[@B90-nutrients-11-02795]\]. The results presented here reveal that ECE and PPB attenuated inflammation and subsequent PVAT dysfunction. By reducing PVAT dysfunction, the abundance of vasoconstrictors was decreased and the abundance of vasodilators or anti-inflammatory cytokines/adipokines were increased. In addition, ECE and PPB attenuated HFD-induced decreases in brown adipocyte gene expression, thus protecting against EC dysfunction also induced by HFD ([Figure S1](#app1-nutrients-11-02795){ref-type="app"}).
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Arg-1

Arginase-1

CIDEA

Cell death-inducing DNA fragmentation factor alpha-like effector A

CHOP

C/EBP Homologous Protein

DIO

Diet-induced obesity

Ebf3

EBF Transcription Factor 3

ECE

E. cava

extract

eIF1α

Eukaryotic translation initiation factor 1

ET-1

Endothelin-1

iNOS

Inducible nitric oxide synthase

IL-6

Interleukin-6

IL-1ß

Interleukin-1 beta

IL-10

Interleukin-10

IRE-1α

Inositol-requiring transmembrane kinase/endoribonuclease 1α

MCP-1

Monocyte chemoattractant protein-1

pAMPK

Phosphorylated AMP-activated protein kinase

peNOS

Phosphorylated Endothelial NOS

PERK

Protein kinase RNA-like endoplasmic reticulum kinase

PI3K

Phosphoinositide 3-kinases

PPB

Pyrogallol-phloroglucinol-6,6-bieckol

PVAT

Perivascular fat tissue

UCP-1

Uncoupling protein 1

Xbp-1

X-box binding protein 1

Zinc1

Zinc finger of the cerebellum 1

PPB

Pyrogallol-phloroglucinol-6,6-bieckol

TNF-α

Tumor necrosis factor-alpha

![Regulatory effects of PPB and ECE on body weight, fat mass, perivascular fat abundance and adipocyte size in a diet-induced obesity mouse model. (**A**,**B**) Body weight and fat mass were measured before sacrifice. (**C**) Perivascular fat stained with H&E and (**D**) ratio of WAT and BAT in perivascular fat and (**E**) perivascular adipocyte size were measured using representative H&E stained images. Scale bar = 100 um; \*, *p* \< 0.05 and \*\*\*, *p* \< 0.001 vs. the control group; \$, *p* \< 0.05 and \$\$\$, *p* \< 0.001 vs. DIO/Saline; \#, *p* \< 0.05 and \#\#\#, *p* \< 0.001 vs. DIO/ECE. BAT, brown adipose tissue; ECE, *E. cava* extract; H&E, hematoxylin and eosin; PPB, pyrogallol-phloroglucinol-6,6-bieckol; WAT, white adipose tissue.](nutrients-11-02795-g001){#nutrients-11-02795-f001}

![Regulatory effects of PPB and ECE on the abundance of M1/M2 macrophage markers, inflammatory factors and adiponectin in PVAT. (**A**) Expression of M1-type macrophage related genes including iNOS and CD80, and (**B**) M2-type macrophage related genes including Arg-1 and CD206 in PVAT of Control, DIO, DIO/ECE and DIO/PPB groups were validated by qRT-PCR. (**C**) Expression of inflammatory factors including MCP-1, TNF-α, IL-6, IL-10, and chemerin in PVAT of Control, DIO, DIO/ECE, and DIO/PPB groups were validated by qRT-PCR. (**D**) Adiponectin levels in blood serum and PVAT were measured by ELISA. All gene levels are normalized to those in control. \*, *p* \< 0.05, \*\*, *p* \< 0.01 and \*\*\*, *p* \< 0.001 vs. the control group; \$, *p* \< 0.05; \$\$, *p* \< 0.01; and \$\$\$, *p* \< 0.001 vs. DIO/Saline; \#, *p* \< 0.05; \#\#, *p* \< 0.01; and \#\#\#, *p* \< 0.001 vs. DIO/ECE. Arg-1, Arginase-1; ECE, *E. cava* extract; iNOS, Inducible nitric oxide synthase; IL-6, Interleukin-6; IL-1ß, Interleukin-1 beta; IL-10, Interleukin-10; MCP-1, Monocyte chemoattractant protein-1; PPB, pyrogallol-phloroglucinol-6,6-bieckol; PVAT, perivascular fat tissue; TNF-α; tumor necrosis factor-alpha.](nutrients-11-02795-g002){#nutrients-11-02795-f002}

![Modulating effects of PPB and ECE on endoplasmic reticulum (ER) stress and browning effect in PVAT (**A**) ER stress-related genes, including IRE-1α, Xbp-1, PERK, eIF1α, and CHOP in PVAT of Control, DIO, DIO/ECE, and DIO/PPB groups were validated by qRT-PCR. (**B**) Immunofluorescent images highlighting Sirt1 expression (green) and nuclei (blue; DAPI) in PVAT and (**C**) quantitative analysis graph also showing fluorescent intensity of Sirt1. (**D**) Sirt1-expression related genes including PRDM16 and PPARγ in PVAT of Control, DIO, DIO/ECE, and DIO/PPB groups were validated by qRT-PCR. (**E**) Immunofluorescent images indicating UCP-1 expression (green) and nuclei (blue; DAPI) in PVAT and (**F**) quantitative analysis graph also revealing fluorescent intensity of UCP-1. (**G**) Brown fat markers, including CIDEA, Eva1, Ebf3, HsBP7, ZIC1 in PVAT of Control, DIO, DIO/ECE, and DIO/PPB groups were validated by qRT-PCR. All gene levels are normalized to those in control. Scale bar = 200 μm, \*, *p* \< 0.05; \*\*, *p* \< 0.01; and \*\*\*, *p* \< 0.001 vs. the control group; \$, *p* \< 0.05; \$\$, *p* \< 0.01; and \$\$\$, *p* \< 0.001 vs. DIO/Saline; \#, *p* \< 0.05; \#\#, *p* \< 0.01; and \#\#\#, *p* \< 0.001 vs. DIO/ECE. CIDEA, cell death-inducing DNA fragmentation factor alpha-like effector A; CHOP, C/EBP Homologous Protein; DIO, diet-induced obesity; Ebf3, EBF Transcription Factor 3; ECE, *E. cava* extract; eIF1α, eukaryotic translation initiation factor 1; IRE-1α, inositol-requiring transmembrane kinase/endoribonuclease 1α; PERK, protein kinase RNA-like endoplasmic reticulum kinase; PPB, pyrogallol-phloroglucinol-6,6-bieckol; PVAT, perivascular fat tissue; UCP-1, uncoupling protein 1; Xbp-1, X-box binding protein 1; Zinc1; Zinc finger of the cerebellum 1.](nutrients-11-02795-g003){#nutrients-11-02795-f003}

![Modulating effects of PPB and ECE on endothelial cell dysfunction (**A**,**C**) Immunohistochemical images showing pAMPK and PI3K expression (brown, arrow) in the endothelial cell layer and (**B**,**D**) quantitative graph showing optical density (O.D.) of pAMPK and PI3K. (**E**) Immunofluorescent images showing peNOS expression (green) and nuclei (blue; DAPI) in the endothelial cell layer and (**F**) quantitative analysis graph also showing fluorescent intensity of peNOS. (**G**) Immunofluorescent images showing ET-1 expression (green) and nuclei (blue; DAPI) in the endothelial cell layer and (**H**) quantitative analysis graph also showing fluorescent intensity of ET-1. Scale bar = 150 μm, \*, *p* \< 0.05, \*\*, *p* \< 0.01 and \*\*\*,*p* \< 0.001 vs. the control group; \$, *p* \< 0.05; \$\$, *p* \< 0.01; and \$\$\$, *p* \< 0.001 vs. DIO/Saline; \#,*p* \< 0.05; \#\#,*p* \< 0.01; vs. DIO/ECE, DIO, diet-induced obesity; ECE, *E. cava* extract; ET-1, endothelin-1; pAMPK, phosphorylated AMP-activated protein kinase; peNOS, phosphorylated endothelial NOS; PI3K, phosphoinositide 3-kinases; PPB, pyrogallol-phloroglucinol-6,6-bieckol.](nutrients-11-02795-g004){#nutrients-11-02795-f004}
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